Abstract: Melt inclusions in clinopyroxenes of olivine foidite bombs from Serra di Constantinopoli pyroclastic flows of the Vulture volcano (Southern Italy) were studied in detail. The rocks contain abundant zoned phenocrysts and xenocrysts of clinopyroxene, scarce grains of olivine, leucite, haüyne, glass with microlites of plagioclase and K-feldspar. The composition of clinopyroxene in xenocrysts (Cpx I), cores (Cpx II), and in rims (Cpx III) of phenocrysts differs in the content of Mg, Fe, Ti, and Al. All clinopyroxenes contain two types of primary inclusion-pure silicate and of silicate-carbonate-salt composition. This fact suggests that the phenomena of silicate-carbonate immiscibility took place prior to crystallization of clinopyroxene. Homogenization of pure silicate inclusions proceeded at 1 225 -1 190°C. The composition of conserved melts corresponded to that of olivine foidite in Cpx I, to tephrite-phonolite in Cpx II, and phonolite-nepheline trachyte in Cpx III. The amount of water in them was no more than 0.9 wt.%. Silicate-carbonate inclusions decrepitated on heating. Salt globules contained salts of alkali-sulphate, alkali-carbonate, and Ca-carbonate composition somewhat enriched in Ba and Sr. This composition is typical of carbonatite melts when decomposed into immiscible fractions. The formation of sodalite-haüyne rocks from Vulture is related to the presence of carbonate-salt melts in magma chamber. The melts conserved in clinopyroxenes were enriched in incompatible elements, especially in Cpx III. High ratios of La, Nb, and Ta in melts on crystallization of Cpx I and Cpx II suggest the influence of a carbonatite melt as carbonatites have extremely high La/Nb and Nb/Ta and this is confirmed by the appearance of carbonatite melts in magma chamber. Some anomalies in the concentrations and relatives values of Eu and especially Ga seems typical of Italian carbonatite related melts. The mantle source for initial melts was, most likely, rather uniform, undepleted and was characterized by a low degree of melting and probable presence of garnet in restite.
Introduction
Nowadays, most researchers favor the igneous origin of carbonatite. Discussions focus mainly on the sources and mechanisms of formation of carbonatite melts, their initial composition, and character of transformation during crystallization. There are three most popular concepts on the sources and mechanisms of carbonatite melt formation: a) carbonatite melts are formed during melting of carbonate mantle; b) carbonatite melts appear owing to liquid immiscibility in parental nephelinites or melilitite magma during its high-temperature (> 800°C) evolution; c) carbonatite melts are residual low-temperature (< 800°C) products of the crustal differentiation and fractionation of alkaline magmas.
Most of the previous authors are focused on melilititecarbonatite association [1] . As to the origin of carbonatites, most researchers think that two-phase silicatecarbonate immiscibility plays a leading role in their formation (see discussion in Stoppa et al. [2] ). This assumption is supported by numerous experimental data, results of studies of melt inclusions in minerals, and geological observations.
Experimental studies of synthetic and natural alkaline systems [3] [4] [5] [6] [7] evidenced that liquid silicate-carbonate immiscibility occurs in a wide range of temperatures and pressures, and depends on the composition of parental silicate melt, degree of fluid saturation, and oxygen fugacity. An increase in the amount of alkalies and CO 2 pressure expands the immiscibility field [8] [9] [10] [11] . Volatiles cannot separate from the melt in the form of gas phase because of the high activity of alkalies. This produces a structural change of the alkaline aluminosilicate melts and initiates silicate-carbonate immiscibility. Moreover, experiments in a carbonate-silicate system at critical concentrations of alkalies, S, P, Cl, and F revealed that separated carbonate melt contains immiscible portions of alkali-phosphate, alkali-chloride, alkali-fluoride composition [12] .
Abundant occurrences of silicate-carbonate and multiphase silicate-carbonate-salt immiscibility were detected in thermometric experiments with melt inclusions in the minerals of different alkaline rocks [2, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Of especial interest was multiphase carbonate-salt immiscibility in silicate-salt inclusions in perovskite of melilite rocks from the Krestovskaya intrusion (Polar Siberia). Here for the first time in thermometric experiments both silicatecarbonate and carbonate-salt immiscibility were observed. The latter was found in immiscible carbonate-salt globules, which, on heating, separated into immiscible portions of alkali-sulphate, alkali-chloride, alkali-phosphate, and Mg, Ca, Fe-carbonate compositions [24] .
A very interesting association of carbonatites and alkalisulphate mineralization is represented by the haüyne-sodalite group rocks. Most of them are volcanic rocks composed of haüynites and haüyne phonolites. The best known occurrences are in Western Germany (E.Eifel), Central and Southern Italy (Vulture volcano and Grotta del Cervo), and Southern Armenia. Genesis of these rocks is related by their very high crystallization temperature and chemistry to primitive mantle magmas initially enriched in alkali chlorides, sulphates and carbonates. A classical example of spatial coexistence of carbonatites with the sodalite haüyne group of rocks is the Vulture volcano (Southern Italy).
Melt inclusions in the minerals of olivine foidite bomb from the Serra di Costantinopoli pyroclastic flows of the Vulture volcano can add a further piece of precious information about concomitant genetic causes for haüyne-sodalite group mineral appearance in carbonatite and alkalinemafic volcanoes. Inclusions have the unique property to retain information about PT-parameters, compositions (initial and derivative), conditions of evolution (behavior of some elements during the ascent and crystallization of magma, evolution trend, crystallization differentiation and fractionation processes, liquid immiscibility and mixing of melts), and degree of fluid saturation in mineralforming systems [25, 26] . Studies of melt inclusions in minerals provide us information about the reasons of origin of haüyne-sodalite group of minerals in carbonatites and alkaline-mafic volcanic rocks.
Geological background
Vulture is located on the Eastern side of the southern Italian peninsula, in the Lucania region and is well separated from the Recent leucititic volcanoes of the Roman Region. The volcano lies on relatively thick lithosphere. This area is far away from the intermediate and deep seismicity of the southern Tyrrhenian Sea and is characterized by a zone of intense, crustal, dip-slip earthquakes. Tectonic and volcano-tectonic processes have produced a small horst and graben system within the pre-volcanic flysch substratum, and partially within the volcano itself which presently reaches 1 326 m.s.l. Vulture belongs to Province of kalsilite-bearing melilitites and foidites (i.d. kamafugites), melilities and carbonatites named Intramountain Ultra-alkaline Province whose general geological features are fully addressed in Lavecchia and Creati [27] .
Vulture is a long-lived volcanic complex dating back to c. 700 ka, formed during periods of relatively short activity separated by long resting periods. During the early period, a phonolitic caldera, about 6×4.5 km in size filled with co-caldera deposits, domes and epiclastites were formed (710 and 750 ka). At the same time the sedimentary substratum was intruded by nepheline syenite dikes. At about 610 ka the Vulture-San Michele strato-volcano was formed by emission of foidite and phono-foidite pyroclastics and lava flows with minor melilititic rocks forming a volcanic pile being approximately 600 m thick. The size of the volcano was then largely reduced by tectonic offset. A locally important strike-slip fault system was particularly active between 625 and 550 ka, and was likely responsible for triggering a large sector collapse of the SSW flank of the volcano, associated with large pyroclastic flow emission. At approximately the same time, several satellite vents formed around the main volcano. A considerable period of inactivity was terminated by a maar swarm which formed at 141±11 ka. The younger products are coeruptive carbonatite and melilitite, which cover an area of approximately 15% of the volcano, although these rocks represent a small volume in comparison to the foiditephonolite series. Additional varieties of igneous rocks, including ijolite, clinopyroxenite, soevite-alvikite, melilitolite and uncompahgrite occur as ejecta. Mantle xenoliths, comprising of mostly spinel lherzolite and wehrlite-veined spinel lherzolites are frequently found [28, 29] . Some of the peridotite nodules carry Mg-garnet relicts and/or carbonates and are important because they indicate the upper mantle origin for the Vulture parental magma [30] .
The studied samples come from an area (Figure 1 ) where the largest lava flow of the Vulture about 5 km long, 1 km wide and 3 m thick (lava flow of Piano di Croce) is located. It is a foiditic phonolite (haünyte) dated at about 560 ka [31] . Several slightly older lava flows (601 -629 ka) are imbedded into voluminous pyroclastic deposits beneath the Piano della Croce Lava flow and are mostly olivine (up to 8 vol%) foidite with subordinate phonofoidite, tephriphonolite and phonolite. The studied sample is an olivine foidite fresh bomb in the pyroclastic flow which is well exposed in a quarry along the road between Barile and Rapolla.
Methods
The major and trace element composition of rocks was analyzed at the Institute of Geology and Mineralogy (Novosibirsk) using an X-ray fluorescent silicate method on a VRA-20R analyzer and method of inductively connected plasma mass spectrometry (ICP-MS) on a "Finnigan Element-1" mass spectrometer.
To reconstruct the physicochemical conditions of formation for olivine foidite, we studied primary and secondary melt inclusions sealed in minerals during their growth and cooling. We used a microscope with a heating stage SiC for establishing the temperature of trapping of mineralforming medium by host mineral, quenching of inclusion content, and further determination of its composition on a microprobe. Microprobe analysis was used to determine the composition of rock-forming minerals and composition of daughter/trapped phases and glasses in heated and unheated melt inclusions. Analysis was performed on a "Camebaxmicro" microprobe at the Institute of Geology and Mineralogy, Siberian Branch of the RAS (Novosibirsk). The operating conditions were as follows: beam diameter of 1 -2 μm, accelerating voltage of 20 kV and a beam current of 15 -30 nA, counting time of 10 s (for all elements). Data reduction was performed using a PAP routine. Overlap corrections for Si(Kα)-Sr(Lα), Mn(Kβ)-Fe(Kα), Mn(Lα)-F(Kα), Fe(Lα)-F(Kα) were done. Precision for major elements was better than 2 rel.%. A total of 14 elements were sought using the following standards: orthoclase (K-Kα and Al-Kα), diopside (Si-Kα, Ca-Kα and Mg-Kα), pyrope (Fe-Kα), albite (Na-Kα), ilmenite (Ti-Kα), cloroapatite (Cl-Kα), barite (BaLα, SKα), fluorapatite (PKα, F-Kα), Sr-rich, synthetic silicate glass (SrLα), Mn -garnet -(MnKα). The concentrations of trace elements, water and F in the largest melt inclusions (> 20μm) were analyzed by secondary-ion mass spectroscopy (SIMS), using a Cameca IMS-4f ion probe at the Yaroslavl' Branch of the Physicotechnological Institute (YBPTI), Yaroslavl', Russia. The operating conditions were as follows: primary O 2− beam of 20 μm, a beam current of 2 -4 nA, energy offset of 100 eV and energy slit of 50 eV. Concentrations of elements were determined from the ratios of their isotopes to 30 Si, using calibration curves for standard samples [32] . Low background contents of H 2 O (< 0.03 wt.%) were due to the 24 h high-vacuum exposure of the samples in the mass spectrometer. The conditions for determination of fluorine were described by Portnyagin et al. [33] .
Mineralogy and petrography of olivine foidite
Olivine foidite consists of numerous clinopyroxene phenocrysts, scarce grains of olivine, leucite haüyne and plagioclase immersed in brown glassy matrix which contains microlites of K-feldspar and plagioclase. Among clinopyroxene we observed xenocrysts and zoned phenocrysts. Xenocrysts (Cpx I) are colourless or light-green fragments ranging in size from a hundredth fractions of millimetre to one centimetre. Zoned phenocrysts are typically of hypidiomorphic or idiomorphic shape with zoning. Cores (Cpx II) are light-and yellow-green, and rims (Cpx III) are brown and dark-green. Sometimes, colours have a reverse order. Zoning of phenocrysts is marked by melt inclusions and crystal inclusions of apatite, haüyne, leucite, and plagioclase. The composition of xenocrysts, compared to that of zoned phenocrysts, has higher Si and Mg and contains lower amounts of Ti, Al and Fe ( Table 4 ). The composition of K-feldspar varies substantially (Table 1). Microlites of K-feldspar from groundmass are similar in composition to orthoclase, contain to 2 wt.% CaO and 4 wt.% Na 2 O. Approximately the same composition was established for daughter phases from inclusions in Cpx I. K-feldspar from inclusions in Cpx II is higher magnesian, has the same composition as microcline, and contains 0.6 wt.% BaO and 1.9 wt.% SrO. Crystal inclusions in Cpx III is hyalophan: they contain to 23.5 mole.% celsian component, 57.4 mole.% orthoclase component and 2.6 wt.% SrO. Plagioclase occurs as idiomorphic and xenomorphic prismatic grains ranging from medium sizes of phenocrysts to microlites. Coarse or fine polysynthetic twinning is frequent. In chemical composition ( 
Melt inclusions in clinopyroxenes and thermometric experiments
In xenocrysts of Cpx I inclusions are scarce, randomly arranged, occur as clusters or, occasionally, in inner Table 1 . Chemical composition of rock-forming minerals, microlites and daughter phases from melt inclusions, wt%.
Clinopyroxene a
Leucite Haüyne 1 (16) 2 (14) 3 (3) 4 (18) 5 (5) 6 (2) 7 (2) 8 (1) 9 (1) 10 (1) 11 (13) (2) 14 (1) 15 (1) 16 (1) 17 (2) 18 (1) 19 (4) 20 (8) 21 (1) 22 (3) 23 (5) SiO 2 Table 4 ).
cracks. The inclusions are mainly large, at times attaining 30×30 mμ and even 100×60 micron. The inclusions are coarse crystallized and are irregularly shaped. Mineral phases in the inclusions are represented by clinopyroxene, phlogopite, K-feldspar, apatite, titanomagnetite, and, sometimes, by sulfides. Clinopyroxene typically occurs on inclusion walls and is hardly distinguishable from matrix mineral ( Figure 2A ). Some inclusions also contain fine crystallized salt aggregates. These form isolated segregations of irregular, less often, of rounded shape (globules), occupying from 2 to 20% of inclusion volume. Some salt aggregates contain a poorly observable deformed gas bubble ( Figure 2B ,C). The presence of two types of inclusions (pure silicate and silicate-carbonate-salt) among primary inclusions evidences that these inclusions were conserved from heterogenous medium [25, 26, 34] . In zoned phenocrysts primary inclusions were found both in the core of Cpx II and in the rims of Cpx III, but mostly they occur on the border of light and brownish zones ( Figure 3 ). Their shape is prismatic, close to isometric, and sometimes irregular. Size is variable from minute to 50 microns. Phase composition varies from glassy to partly or completely crystalline. Glassy inclusions typically contain one or several small gas bubbles, occasionally with salt crystals. The set of mineral phases in crystallized inclusions in Cpx II and Cpx III is nearly the same as in inclusions from Cpx I, except haüyne which was absent from Cpx I. Some inclusions also contained salt aggregates. The chemical composition of mineral phases from inclusions with or without salt aggregates is the same (Table 1). Clinopyroxene from inclusions in Cpx II ( nocrysts of Cpx III.
Microprobe analysis of quenched glasses from these inclusions (Table 2) shows that Cpx I formed from melts whose composition is similar to that of olivine foidite; cores of zoned phenocrysts of Cpx II formed from tephriphonolitic melts, whereas the rims of Cpx III result from a melt compositionally similar to phonolite or nepheline trachyte. All generations of clinopyroxene seem to have crystallized from a primitive alkaline-mafic magma, which was initially rich in Mg, Ca and alkalies (with predominance of K over Na), as well as in Cl, CO 2, and SO 3 . During differentiation and fractionation, the content of Si, Al, and alkalies in this magma increased, whereas that of cafemic components decreased. During the growth of clinopyroxene (from Cpx I to Cpx II and further to Cpx III) the contents of BaO and SrO in the melt were 0.3 -0.5 wt.% and 0.1 -0.3 wt.%, respectively. The amount of SO 3 drastically decreased from 1.1 to 0.11 wt.% at nearly constant 0.4 wt.% content of Cl.
On heating, salts in silicate-carbonate-salt inclusion at 700 -800°C, first become dark, then lighten, round, and at 870 -900°C form globules with several gas bubbles. On further heating, gas bubbles in salt globules may both appear or disappear. Bubbling stops at 1 060 -1 100°C. At these temperatures, the gas bubble in silicate melt moves to the salt globule and merges with it. Further increase in temperature results in complete melting of mineral phases in inclusion and appreciable decrease in the size of salt globule. Above 1 250°C, most inclusions decrepitate. Some inclusions after quenching in silicate glass preserve small salt globules with gas bubbles (Figure 4) . Chemical composition of silicate and salt components of inclusions is given in Table 3 , an.2; trace element composition of silicate glass is given in Table 4 .
The composition of silicate glass in them is the same as in melt inclusions free from salt globules: in the cores and in intermediate zones of phenocrysts (Table 3 , an.1 and 2) it corresponds to that of tephriphonolite, and in the rims ( evolved in its own way [35] .
Geochemistry of the rock, clinopyroxenes, and melt inclusions
Olivine foidite, clinopyroxene and their melt inclusions are enriched in trace elements (Table 4) . Clinopyroxene is one of the main concentrators of trace elements among rockforming minerals. Its crystal structure is rather favorable for the isomorphous incorporation of LILE and especially REE. The structure can host a wide set of cations of various sizes and charges and can easily deform, providing a relatively easy compensation of heterovalent replacement of elements [36, 37] . The content of trace elements in studied clinopyroxenes from olivine foidite, 1 -2 orders of magnitude exceeds the chondrite norm ( Xenocrysts and zoned phenocrysts of clinopyroxene also differ from each other in the values of Ti/Zr, Ce/Yb, Th/Yb, and La/Yb: from xenocrysts to cores and rims of zoned phenocrysts the values of Ti/Zr decrease, whereas those of Ce, Th to La to Yb, on the contrary, increase (Table 4) . To establish the degree of fractionation of elements during crystallization of clinopyroxene from melt, we estimated the partitioning coefficient of trace elements in the system clinopyroxene-melt (K
C px−Liq D
). The estimation was based on the partition of LILE and HFSE between inclusion glasses and host mineral [42] . The analysis showed ( Table 5 ) that in xenocrysts of clinopyroxene the partitioning coefficient for all trace elements is always less than unit, whereas in zoned phenocrysts (K Glasses of heated melt inclusions in clinopyroxenes are the most enriched in trace elements: they one (HREE, Y, Hf), two (most of other elements) and even three (Th, U) orders of magnitude exceed the mantle norm ( Table 4 ). The trace element composition of melt during crystallization of xenocrysts and zoned phenocrysts of clinopyroxene varied considerably. The highest concentration of incompatible elements was found in inclusion glasses from Cpx III, the least -in xenocrysts of Cpx I. For example, melt inclusions in xenocrysts contain 405, cores of zoned phenocrysts 600, and rims 1 070 ppm REE. On crystallization of rims in zoned phenocrysts of Cpx III, compared to earlier crystallization of Cpx II cores, the melt was richer in Zr, Hf, Y, Nd, Sm, Gd, Dy, Er, Yb, V, and Cr and was depleted in LILE, as well as in U, Th, Ta, Nb, La and Ce. Most likely, increase in the content of HREE and Ti in the melt during crystallization of Cpx III was much more appreciable because, as mentioned above, K C px−Liq D > 1 in the rims. Increase in the content of trace elements was, probably, due to their supply with fluid or fresh melt. The pattern for melt inclusions in clinopyroxenes, normalized to MORB, has a negative slope owing to the high contents of LILE and Th, U and low concentrations of HREE as well as V and Cr (Figure 7) . At general predominance of LREE over HREE, (La/Yb) n values in inclusion glasses from various clinopyroxenes vary from 41.4 in Cpx I to 12.7 in Cpx III. On the pattern of incompatible elements one can see minor Ta, Nb and Zr negative anomalies, especially noticeable for inclusions in Cpx I and Cpx II, and appreciable Eu and Gd positive anomalies. The intense positive Eu anomaly can be explained by the fact that the first to crystallize were femic minerals: olivine and clinopyroxene, which accumulated basically HREE. The initial amount of Eu in the melt preserved and increased during its evolution. The composition of melt derivatives during differentiation and fractionation was becoming similar to that of trachyte-syenite, i.e. plagioclase-K-feldspar, which is a compatible element and concentrator of Eu. At this stage, the amount of Eu was maximum and it formed a positive anomaly. The values of (Eu/Eu*) n , parameter calculated from prim- itive mantle [38] for inclusion glasses differ significantly depending on the location of inclusions in xenocrysts or zoned phenocrysts of clinopyroxenes: (Eu/Eu*) n =4.3 in xenocrysts, 2.8 -2.5 in the cores of zoned phenocrysts, and it decreases to 1.9 -1.4 in the rims.
Ion microprobe analysis of the amount of water in inclusion glasses shows a high dryness of conserved melts: maximum water content was 0.88, and minimum was 0.02 wt.%. The highest contents of water were detected in inclusion glasses from xenocrysts and cores of zoned phenocrysts, whereas the lowest, in the rims of phenocrysts. The amount of dissolved F in inclusion glasses was nearly the same (0.3 -0.4 wt.%).
Olivine foidite is considerably enriched in incompatible elements, whose concentrations are two (Rb, Ba, Th, U, Nb, La, Ce, and Sr) or one (other minor components) orders of magnitude higher than the mantle norm ( Table 4) . The highest concentrations are typical of LILE and LREE, whereas the lowest, of Y and HREE. The pattern of trace elements in the rock, normalized to MORB [38] , has a negative slope (Figure 7) . The curve displays negative Ta, Nd, Ti, Zr and Yb anomalies and minor Er and Tb maximums. Ba/Th in the rock is 44.8, which is 1.8 times lower than those in the primitive mantle (Ba/Th=79.7). The ratios of Nb, Ta, and La, reflecting the character of mantle sources in the rocks, are either close to mantle ratio (Nb/Ta=16.6 against 14 in the mantle), or considerably higher (La/Nb=2.8 against 0.98 in the mantle). The rocks have high Ce/Yb=112, La/Yb=61.4, and low Zr/Y=4.9 values.
On the Nb/Ta -La/Nb diagram [43] the melts conserved in different populations of clinopyroxene are localized in different regions (Figure 8 ): in the region of carbonatite influence in Cpx I and Cpx II, and in the region of primitive mantle in Cpx III. The rock under study also falls into the region of the carbonatite influence.
Discussion of results
The locations of melt inclusions from Cpx I and Cpx II in the region of carbonatite influence Figure 8 , can be explained by the fact that, during the intrusion, parental magma segregated carbonatite melt. During crystallization of xenocrysts and zoned phenocrysts of clinopyroxenes this matter was completely assimilated by magma. The localization of inclusions conserved in Cpx III, in the region of primitive mantle suggests that a fresh inflow was not differentiated. We note that the chemical composition of intruded magma was considerably depleted in trace elements with slight chemical changes. The evidence for the changes comes from the smooth variations in the composition of all clinopyroxenes and silicate melt inclusions. For example, in the composition of inclusions from Cpx I to Cpx II and Cpx III the content of Si, Al, and alkalies increases and the amount of Mg, Fe, Ca decreases, i.e. the composition of melt evolved from olivine-foidite to phonolite-nepheline trachyte. Appreciably lower amounts of trace elements in Cpx I, Cpx II, and in trapped inclusions compared to those in phenocryst rims can be also due to separation of immiscible carbonatite melt enriched in these elements from the parental magma .
At the same time, the presence of both pure silicate inclusions and those with varying ratios of carbonate-salt globules and segregations in melt inclusions suggests that the initial melt at the moment of crystallization of clinopyroxene was heterogeneous-silicate-carbonate-salt. Immiscible carbonate-salt globules had an alkali-sulphate, alkali-sulphate-carbonate, and Ca-carbonate composition. Most likely, the multiphase silicate-carbonate-salt immiscibility of initial melt had occurred prior to crystallization of clinopyroxenes, at high temperatures (higher than 1 250°C). Primary silicate-carbonate inclusions with varying ratios of immiscible daughter phases such as calcite, dolomite, magnesite, and ankerite, were found in the apatite from olivine phonolitic foidite bombs of the Vulture volcano [44] . Primary silicate-carbonate inclusions were also found in calcite from Vulture soëvites [45] where dolomite is a predominant carbonate phase. Sharygin et al. [46] , reports zoned phenocrysts of haüyne having primary melt inclusions spatially associated with pyrrhotite globules and crystal inclusions of apatite and clinopyroxene, less often with intergrowths of sulphides and halite. Clinopyroxene phenocrysts show glass inclusions with sulphide globules and crystal inclusions of apatite, haüyne, and magnetite. Particularly interesting is the occurrence of extrusive carbonatite at Vallone Toppo del Lupo, where nyerereite inclusions were found in melilite [2] . Data from carbonatite also show that immiscible Na-carbonate existed in the magmatic system [2] .
Most likely, carbonate-salt melts are immiscible components of initial carbonatite melt. Some researchers, however, believe [47] that the melt could result from remelting of host carbonate rocks. But the fact of enrichment of carbonate-salt globules in inclusions of K, Na, Ba, Sr, P, Cl, S rules out this possibility, as it seems least likely that host carbonate rocks could be enriched in such elements and in such high amounts.
Analysis of literature data showed [35] that carbon dioxide, alkalies, halogens, sulfur, and phosphorus primordially exist in all abyssal alkaline magmas and have a mantle origin. Most likely, in the mantle they are distributed irregularly and are accumulated in deep-seated reservoirs, which appear during activation of mantle and development of plumes [2, 48] . Here these fluids interact with mantle source and prompt highly SiO 2 -undersaturated, Mg-and Ca-rich silicate magmas [29] . During the ascent, primary magmas enriched in CO 2 , alkalies, SO 3 , and halogens crystallize and fractionate, and at drastic changes of temperatures and pressures the phenomena of liquid silicate-carbonate immiscibility take place in them. Immiscibility is accompanied by redistribution of elements: most volatile components together with Ca pass into a carbonate-salt melt, and the silicate melt, naturally, is depleted in these components and becomes silicon oversaturated. Carbonate-salt melts spatially separated from silicate parental magma are rich in Ca, alkalies, CO 2 , S, F, Cl, S, and P and are potential carbonatite melts. At significant drops of temperature and pressure they become nonuniform and separate into carbonate-salt immiscible fractions [12] . The phenomena of multistage carbonate-salt immiscibility in carbonatite melts proceed in a wide temperature range -from 1 250°C and higher to 800 -600°C and dramatically increase in unstable physicochemical environment. They start from separation of alkali-chloride, alkali-sulphate , alkali fluoride, and alkali-phosphate liquids from the primary carbonatite melt (magma) and terminate in the formation of residual Ca-Fe-Mg carbonatite melts. The presence of alkali-sulphate, alkali-sulphatecarbonate and Ca-carbonate (paralleled by Nacarbonate) salt segregations and globules in silicate glass of inclusions in clinopyroxene of olivine foidite suggests that rocks with sodalite-haüyne group mineral (including haüynite) in the Vulture volcanic complex are genetically related to carbonatite melts and decomposition into immiscible fractions. Probably, alkali-sulphate and alkali-sulphate-carbonate melts enriched in Cl, Ba, and Sr, are rapidly separated from carbonatite melts, and owing to their volatility and high mobility are concentrated in cracks, voids, and apical parts of magma chamber and result in haüynite and haüyne phonolite. The occurrence of multiphase carbonate salt immiscibility was found in carbonatite lavas of Oldoinyo Lengai [49] and Vallone Toppo del Lupo. Here amoeboid blisters and inclusion of alkali-carbonate, as well as Cl-and Frich patches were found. These bodies were made up of submicron-sized intergrowths of faceted minerals represented by:
• alkali carbonates and alkali phosphates,
• alkali carbonates and alkali Fe-sulphides.
These submicron-sized segregations are assumed to be the result of rapid quenching of two types of alkali salt melts: sulfur-rich and phosphorus-rich, which separated from initial carbonatite magma. R. Mitchell [50] considers this to be evidence for the occurrence of liquid carbonatesalt immiscibility. He suggests that halogen-rich melts accumulated in the upper parts of magma chamber and during eruption were carried together with accumulated segregations of alkaline carbonates. A very interesting phenomenon was described [51] in the zones of alteration in harzburgite nodules from the Montana-Clara volcano (Canary archipelago) in association with II generation minerals (olivine, clinopyroxene, and spinel) of syenite glass with globules of Fe-Ni-Cu monosulfides and globules of Ca-carbonates. Based on relationship of carbonates, alkaline silicate glass and sulphides, the authors suggested that it is probable that three liquids coexist at reducing upper mantle conditions. Geochemical study showed that the primary magma from which olivine foidite of the Vulture volcano crystallized was enriched in incompatible elements whose amount 1 -2 orders of magnitude exceeded the mantle norm. Magma was considerably depleted in HREE relative to LREE. This suggests that the mantle source could contain stable garnet. On partial melting of this source, the amount of LREE in primitive melts normally increases, whereas HREE remains in garnet restite. The low degree of melting of mantle substance in the rocks under study is evidenced from the high absolute contents of Ti, Zr, and Y in clinopyroxenes, melt inclusions and in the rock (Table 4) . Low Ti/Zr values in clinopyroxenes, which change from 74.4 in megacrysts to 28.7 in the cores, and 17 in the rims of zoned phenocrysts, most likely, suggest participation of unexhausted mantle in magma generation. It is considered [52] that Ti/Zr for clinopyroxene of primitive mantle is estimated at 120. In the conditions of continental rifts, in which magma generation is contributed by undepleted mantle, this value decreases to below 100 at high concentrations of both elements.
Rather constant values of Zr/Y, Ti/Y, Zr/Nb and Y/Nb in melt inclusions (Table 4) , which are used to characterize a magmatic source, suggest that the mantle source was uniform. The evidence for this also comes from close values of Ta/Yb and Th/Yb in clinopyroxenes.
The obtained results show that for olivine foidite the relative contents of Eu are close to that of chondrite (Eu/Eu * = 0.83), whereas in melt inclusions in clinopyroxenes it is much higher (Table 4): 4.3 times in Cpx I and 2.8 to 1.4 times in Cpx II-III, appreciably decreasing from cores to rims. It is a common opinion [36] that for all mantle magmas and primordial upper mantle a relative content of Eu is within ±20% from identical Eu concentrations in chondrites. A higher Eu/Eu * value is considered evidence for fractional crystallization with participation of feldspars, leucite, and melilite. Indeed, in our case clinopyroxenes crystallized from differentiated melt after olivine, but prior to separation of feldspars. Perhaps for this reason, at the stage of formation of Cpx I, the Eu/Eu * in melt value was maximum. During crystallization of zoned clinopyroxene phenocrysts, when microlites of foidite started to crystallize and accumulate Eu, this value began to decrease drastically. It is worth noting that the Eu * /Eu value and, especially, Gd value could be influenced by an unknown high Gd phase in the source and inherited by initial melt as similar positive anomaly has been observed in other Italian carbonatites and melilitites. Xenocrysts of Cpx I differ from zoned phenocrysts also in partitioning coefficients of trace elements in the system clinopyroxene-melt (Table 5 , Figure 6 ). During crystallization of clinopyroxene xenocrysts all trace elements were preserved and accumulated in the melt, and during crystallization of zoned phenocrysts Zr, Hf, Y, MREE and HREE (except Eu) partly concentrated in clinopyroxenes with increasing level of accumulation in intermediate and peripheral zones. It is possible [53, 54] , that crystallization of xenocrysts and zoned phenocrysts of clinopyroxene most likely, took place at different thermodynamic parameters from melts with different degrees of enrichment in trace elements.
Conclusions
1. Xenocrysts and zoned phenocrysts of clinopyroxenes in olivine foidites crystallized at 1 225 -1 170°C. The composition of initial melt was heterogeneous, silicate-carbonate-salty.
2. The immiscible silicate melt during crystallization of clinopyroxenes was highly magnesian, alkaline and evolved towards an increase in Si, Al, and alkalies and decrease in Mg, Fe, and Ca, altering from olivine-foidite composition during formation of Cpx I to phonolite-trachyte during crystallization of phenocryst rims.
3. The immiscible carbonate-salt melt consisted of alkali-sulphate, alkali-carbonate, Ca, Mg, Ba, and Sr-carbonate fractions separated from carbonatite melt. The melt in the enrichment in alkalies, Sr, Ba, P, S, and Cl was close to typical carbonatite melts, genetically related to alkaline magmatism, and did not show any features of participation of crustal matter.
4. Haüynophyress and most minerals of sodalitehaüyne group are genetically related to carbonatite melts and their decomposition into immiscible fractions of alkali-sulphate and alkali-sulphatecarbonate composition, which accumulated in the upper part of magma column.
5. Initial melts were enriched in incompatible elements, 1 -3 orders of magnitude exceeding the mantle norm, with significant predominance of LREE over HREE and were enriched in F, Cl, SO 3 , and CO 2 and contained to 0.9 wt.% H 2 O. The mantle source of melts was rather homogeneous, undepleted and was characterized by a low degree of melting and probable presence of garnet in restite. 
